Introduction {#Sec1}
============

The current Coronavirus Disease 2019 (COVID-19) has become a great threat to public health and has attracted the attention of the majority of scientists and researchers to develop a specific drug or vaccine to outweigh the threat to this pandemic. It was initially originated in Wuhan, Hubei Province of China, in December 2019, as pneumonia-like symptoms \[[@CR1]\] and spread rapidly to other parts of the world, affecting 10,922,324 individuals, causing more than 523,011 fatalities in over 210 countries by July 4, 2020 \[[@CR2]\]. It was discovered to cause by a novel coronavirus having more than 79% sequence homology with the severe acute respiratory syndrome coronavirus (SARS-CoV) and 96% genome similarity with bat coronavirus \[[@CR3]\], named as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) by the International Committee on Taxonomy of Viruses \[[@CR4]\]. Owing to the alarming level of its severity and rapid spread to many countries in a short period, the World health organization (WHO) has declared this epidemic as pandemic on March 12, 2020 \[[@CR5]\]. COVID-19 pandemic is a pandemic of respiratory illness characterized by flu-like symptoms, sometimes associated with immune dysfunction and acute respiratory distress syndrome (ARDS), which might lead to death \[[@CR6]\]. It is the third time in the twenty-first century, after severe acute respiratory syndrome (SARS) in 2002 and 2003 and Middle East respiratory syndrome (MERS) in 2012 when a highly pathogenic coronavirus of zoonotic origin has affected humans \[[@CR7], [@CR8]\]. To date, this has affected the lives of many people worldwide and put pressure on the health system and the global economy. SARS-CoV-2 has a high potential to cause infection with a higher transmission rate in comparison to SARS-CoV or MERS-CoV, making it difficult to control and thereby increasing its pandemic potential.

The current strategies followed by the government to reduce the spread of COVID-19 are based on the paradigm of social distancing, which includes identification of cases, tracing the contacts, and restrict them to quarantine and isolation. The current pharmacological therapy given is only restricted to supportive care and interventions that mitigate the associated symptoms. Many studies are being conducted nowadays in search of effective drugs for COVID-19 and also to develop efficient vaccines as a preventive therapy against COVID-19, yet to date, no licensed vaccines or effective antiviral drugs exist against SARS-CoV-2 infections. So, many individuals may turn to validated Ayurvedic and herbal medicines to boost the immune system. However, considering such therapies requires consideration of the potential benefits and harms. The need of the hour is to develop specific antiviral drugs for COVID-19, which would stop the viral replication at the beginning and might reduce the associated degree of immunopathological damage. Also, the role of immunologically directed strategies and anti-cytokine therapy is indispensable in SARS-CoV-2 infection as a notable proportion of COVID-19 patients have reported an impaired immune system and cytokine storm, which might damage the lungs and also lead to acute respiratory distress syndrome (ARDS). In this regard, many drugs previously used to treat SARS and MERS and other viral diseases, including Ebola, HIV, and Influenza, have been evaluated and demonstrated effect in various in vitro studies or patients of COVID-19. Also, traditionally used medicinal compounds such as purified natural and herbal medicines, and Ayurvedic and traditional Chinese medicines are being evaluated and many of them have evidence supporting efficacy against COVID-19. Nonetheless, additional data are urgently needed. Herein we discuss the novel strategies and targets that could be approached for the development of drugs against COVID-19. This review highlights the majority of pipeline drugs that are currently being studied in clinical trials for COVID-19 and discuss the present and future aspects of most promising drugs under investigation.

SARS-CoV-2: Virology and Targets for Drug Development {#Sec2}
=====================================================

SARS-CoV-2 is an enveloped non-segmented positive sense single-strand RNA viruses classified into the genus Betacoronavirus in the subfamily Orthocoronavirinae \[[@CR9]\]. After SARS-CoV and MERS-CoV, it has become the seventh coronavirus that causes infection in human beings. The receptor-binding domain present in the S1 subunit of the spike protein (S) is responsible for targeting the host cells. It binds to the angiotensin-converting enzyme 2 (ACE2) receptor present on the host's cells surface, and the binding affinity is 10--20 times more than SARS-CoV, which might explain its higher transmission rate among humans. After attachment, S protein undergoes conformational changes that help in the fusion of viral and endosomal membranes. The viral RNA is then released into the host cell, and this is facilitated by host transmembrane protease serine-type 2 (TMPRSS2). After entering the cell, the viral RNA gets uncoated and translated into viral polymerase protein. After this, the viral RNA gets replicated using its RNA-dependent RNA polymerase (RdRp). Structural proteins are then synthesized, assembled, and released outside the cell \[[@CR10]\]. The various steps involved in the viral lifecycle provide potential targets for drug discovery and facilitates drug repurposing. The promising drug targets are 3-chymotrypsin-like protease (3CLPro) and papain-like protease (proteolysis of viral polyprotein), RdRp (involved in viral replication), S protein (helps in viral entry by binding to ACE2), and TMPRSS2 (helps in priming of S protein to facilitate its binding to ACE2) \[[@CR11]\]. Apart from these, immune regulation and inflammatory pathways, which involve Th-17, interferons, proinflammatory cytokines, lymphocytes as natural killer cells, JAK proteins, and checkpoints such as programmed cell death protein 1(PD1), are also targeted in search of the therapeutic molecules for COVID-19. Biologics such as monoclonal antibodies are being developed to target various pathogenic molecules involved in SARS-CoV-2 infections. Figure [1](#Fig1){ref-type="fig"} summarizes the life cycle of SARS-CoV-2 and major pharmacologic targets for treatments or adjunctive therapies for COVID-19.Fig. 1Life cycle of SARS-CoV-2 and targets for drug development for COVID-19. ACE2 angiotensin converting enzyme 2, TMPRSS2 transmembrane protease serine type 2, RdRp RNA-dependent RNA polymerase, 3CLPro 3-chymotrypsin-like protease, ARDS acute respiratory distress syndrome

Pipeline Pharmacological Therapies for COVID-19 {#Sec3}
===============================================

Research for testing the safety and efficacy of different types of interventions for COVID-19 is carried out at an exceptional rate. The conventional drug development process is not feasible in the current scenario of the pandemic, so, the majority of studies in clinical trials for COVID-19 include the drugs already in use for other diseases. Various classes of drugs including antivirals, immunomodulators, anti-inflammatory drugs, corticosteroids, antibiotics, and traditional Chinese medicine have been investigated so far in search of new treatment avenues or interventions to combat COVID-19. Among them, remdesivir, convalescent plasma, anti-inflammatory drugs like interleukin-6 (IL-6) inhibitors (tocilizumab and sarilumab), and traditional Chinese medicines prove to be the most promising therapies \[[@CR12]\]. Apart from various antivirals, immunomodulators, and IL-6 inhibitors, the current emerging therapies focus on cell-based therapy (natural killer (NK) cells and mesenchymal stem cells), biologics (monoclonal antibodies, interleukins, cytokines), ACE2 receptor blocker, angiotensin II type I receptor blockers (ARB), fibrinolytic therapy, and combination therapy of various antivirals with immunomodulators, antibiotics, nonsteroidal anti-inflammatory drug (NSAIDs), etc.

To combat various comorbidities associated with COVID-19, many conventional antidiabetic (sitagliptin, dapagliflozin), antihypertensive (ramipril, prazosin, amiodarone, spironolactone), and lipid lowering agents (atorvastatin) have been studied in clinical trials along with standard treatment regimen. Various antineoplastic drugs (etoposide, methotrexate, melphalan, isotretinoin plus tamoxifen, nintedanib, lenalidomide, etc.) and drugs like thalidomide, oxytocin, chlorpromazine, montelukast, povidone-iodine, famotidine, cholecalciferol, N-acetylcysteine, and pyridostigmine bromide have also been studied in clinical trials for COVID-19. To address the respiratory distress associated with COVID-19, the role of drugs like valsartan and sirolimus is being investigated in various clinical trials. There is an emerging role of recombinant bacterial ACE2 receptors like the enzyme of B38-CAP (rbACE2) for COVID-19. It works like human-ACE2 and decreases angiotensin II level, thereby reducing the release of proinflammatory cytokines and the development of ARDS. It has been proposed that due to bacterial origin, it might not get recognized by SARS-CoV-2 spike protein and hence possess added advantage over conventional ACE2 inhibitors (ACEI) and ARBs. However, it is yet to determine whether long-term use of ACEI, ARBs, and rbACE2 will increase or alleviate the SARS-CoV-2 infection.

Another approach for reducing the impact of COVID-19 pandemic is to develop COVID-19 vaccines that can be available to people across the globe. Many vaccines are being studied in animal models, and some of them have entered the clinical trials. However, months are needed before the vaccines are developed, approved, and marketed. Some researchers and clinicians have proposed the role of bacillus Calmette Guérin (BCG) vaccines, levamisole, and Isoprinosine, as prophylactic therapy for COVID-19. BCG vaccine is assumed to enhance the innate immune response by inducing metabolic and epigenetic changes. Clinical trials are underway in Australia and Netherlands for determining the efficacy of BCG vaccines in healthcare workers, while some recent studies do not favor the role of BCG vaccine in COVID-19. As of July 4, more than 900 interventional trials have been registered to [ClinicalTrials.gov](http://clinicaltrials.gov) targeting pharmacological drugs for COVID-19 \[[@CR13]\]. Table [1](#Tab1){ref-type="table"} enlists some of the potential pipeline drugs currently being studied or are registered in the clinical trials for evaluating their efficacy for COVD-19. Some natural products, Ayurvedic and herbal medicines, and traditional Chinese medicines are also being studied in the clinical trials owing to their known and established immunomodulatory and anti-viral effects. Table [2](#Tab2){ref-type="table"} comprises the list of natural products under clinical trials for COVID-19.Table 1List of pipeline drugs currently studied/registered in the clinical trial for COVID-19Drugs/Drug combinations (Classification)Stage of developmentTargets and possible mechanism of action for use in COVID-19Disease indication (Approved/Investigational)\*Remdesivir (antiviral, adenosine nucleotide analog)Phase 2/3Target RdRp and inhibit it, thereby inhibiting viral replication and viral RNA synthesisInvestigational drug for Ebola virus and variety of RNA viruses;FDA Emergency Use Authorization against COVID-19Favipiravir (antiviral, purine nucleoside analog)Phase 2/3/4Target RdRp and inhibits viral RNA synthesisApproved to treat influenza in JapanRibavirin (antiviral, guanine nucleotide analog)Phase 1/2Target RdRp and inhibits viral RNA synthesis and mRNA cappingChronic hepatitis C virus (HCV) infectionGalidesivir (antiviral, adenosine nucleoside analog)Phase 1Target and bind to viral RNA polymerase, premature termination of the elongating RNA strandInvestigational drug for Ebola, Marburg, Yellow Fever and Zika virusesLopinavir/Ritonavir (increases oral bioavailability of lopinavir) (antiviral, protease inhibitor)Phase 2/3Target protease enzyme, inhibits protein cleavage and halt virus maturationApproved for HIV-1 infectionDarunavir (antiviral, protease inhibitor) and Cobicistat (Pharmacokinetic enhancer)Phase 1Target protease enzyme, inhibits protein cleavage and halt virus maturation (decrease viral load and increase CD4 cell counts)Approved as second- generation protease inhibitors for HIV infectionUmifenovir or Arbidol (antiviral, fusion inhibitor)Phase 4Inhibits fusion between viral and cellular membraneApproved in Russia and China for the prophylaxis and treatment of influenza A, B, and other arbovirusesDanoprevir (antiviral, protease inhibitor)Phase 4Target protease, Inhibits viral replicationInvestigational drug for chronic hepatitis C patientsOseltamivir (antiviral, Neuraminidase inhibitor)Phase 2/3/4Target neuraminidase enzyme, inhibits viral entry, replication and its releaseApproved for prophylaxis and treatment of influenza A (including H1N1) and BCamostat Mesylate (serine protease inhibitor)Phase 2Target TMPRSS2, inhibits its action and thereby inhibits viral entry to cellsApproved in Japan for chronic pancreatitis and drug-induced lung injuryClevudine (synthetic pyrimidine analog)Phase 2Target DNA polymerase and reverse transcriptase enzyme, block viral replication and the supply of viral DNA into the nucleusInvestigational drug for hepatitis BChloroquine and hydroxychloroquine (antimalarial, aminoquinolone derivative, antiviral and immunomodulatory properties)Phase 2/3/4Changes the pH of endosomes and inhibit ACE2 glycosylation, prevent viral entry, transport and, post-entry eventsAntimalarial drugs, also used for systemic lupus erythematosus; acute and chronic rheumatoid arthritisInterferon-beta 1a and 1b (antiviral and immunomodulators, protein-based therapy)Phase 2/4 (1a)Phase 2 (for 1b)Target type 1 interferon receptors, Activate JAK/STAT and stimulate innate antiviral immunity, also changes the expression of cytokine and matrix metalloproteinaseRelapsing remitting multiple sclerosis (RRMS)Peginterferon lambda-1a (antiviral and immunomodulators, protein-based therapy)Phase 2Stimulate innate antiviral immunityInvestigational long acting drug for hepatitis CConvalescent plasma/hyperimmune plasma (passive Immunotherapy)Phase 1/2/3Plasma from persons who have survived COVID-19 might contain antibodies (IgG, IgA, IgM, IgE, and IgD) of human origin as a result of developed humoral immunity to SARS-CoV-2 and can be used to reduce the viral load and disease mortality in other patientsInvestigational approach tried for emerging Infectious Diseases like Ebola virusAnakinra (recombinant interleukin, immunotherapy)Phase 2/3Target Interleukin-1 type I receptor (IL-1RI), and acts as an IL-1 receptor antagonist, also block IL-18 productionRheumatoid arthritis and neonatal-onset multisystem inflammatory diseaseTocilizumab (recombinant humanized monoclonal antibody)Phase 2/3IL-6 inhibitor, block cytokine stormRheumatoid and giant cell arthritis, polyarticular and systemic juvenile idiopathic arthritis, cytokine release syndromeSarilumab (monoclonal antibody)Phase 2/3IL-6 inhibitor, blocks cytokine stormModerate to severe reactive Rheumatoid ArthritisNatural killer cells (biologicals)Phase 1/2Innate lymphocytes that act via the process of antibody-dependent cellular cytotoxicity, possess antiviral effectCancer immunotherapyStem cell therapy (biologicals)Phase 2Mesenchymal stem cells (MSCs) have high regenerative and immunomodulatory capacities. These modulate the inflammatory response, boost tissue repair, enhance pathogen clearance, and reduce the severity of the injury, pulmonary dysfunction, and apoptosis.Several carcinomas, inherited metabolic disorders, myelodysplastic syndromes, lymphomas, leukemias, other disorders of blood cell proliferation, inherited disorders affecting the immune system and other organsFingolimod (immunomodulator; sphingosine-1-phosphate receptor regulators)Phase 2Binds to Sphingosine-1-phosphate receptor and acts as a functional antagonist and reduces lung inflammationRelapsing remitting multiple sclerosis (RRMS)Bevacizumab (recombinant humanized monoclonal antibody, VEGF inhibitor)Phase 3Target vascular endothelial growth factor (VEGF), inhibit it and prevents acute lung injury (ALI) and ARDSMetastatic colorectal cancer, metastatic and recurrent non-squamous non-small cell lung cancer, metastatic renal cell carcinoma, recurrent cervical cancer, epithelial ovarian cancer etc.Baricitinib (kinase inhibitor)Phase 2/3Target JAK kinase receptor, inhibit JAK 1/2 selectively and reversibly and inhibits the down-streaming signaling cascades of cytokines and growth factorsRheumatoid arthritis in adult patientsRuxolitinib (kinase inhibitor)Phase 1/2/3Target JAK kinase receptor, JAK 1/2 inhibition and inhibits the down-streaming signaling cascades of cytokines and growth factorsIntermediate or high-risk myelofibrosisAcalabrutinib (kinase inhibitor)Phase 2A selective inhibitor of Bruton's tyrosine kinase and inhibits downstream B-cell antigen receptor and cytokine receptor pathwaysChronic lymphocytic leukemia or small lymphocytic lymphomaCD24Fc (biological immunomodulatory, comprises the nonpolymorphic regions of CD24 attached to the Fc region of human IgG1)Phase 2/3Act as innate checkpoints to inflammatory stimuli by identifying danger-associated molecular patterns, inhibit cytokines release and reverse the loss of T lymphocytesInvestigational biologics to inhibit multiple inflammatory cytokinesThymosin (PD1 blocking monoclonal antibody)Phase 2/3Target PD-1 receptor expressed on the surface of T cells and regulate cellular immunity by blocking the activity of PD-1 (immune check pathway), prevent T cell death and regulate cytokine productionAdjuvant for influenza vaccine and hepatitis B vaccinesTradipitant (neurokinin-1 (NK1) receptor antagonist)Phase 3NK1 receptor antagonist; works by blocking substance P, reduces inflammatory lung injury and relieves chronic coughAn investigational drug in trials of eczema, pruritus, gastroparesis, chronic pruritus, atopic dermatitisEculizumab (monoclonal antibody, terminal complement inhibitor)Phase 2Target complement protein C5, prevents activation of a complement terminal complex and immune-mediated inflammationParoxysmal nocturnal hemoglobinuriaSargramostim (recombinant humanized granulocyte-macrophage colony stimulating factor (rhuGM-CSF))Phase 4Target GMCSF, a pleiotropic cytokine and stimulates JAK2 STAT1/STAT3 signal transduction pathway, pivotal function in hematopoiesis and cell-mediated immunity.Cancer and bone marrow transplantAviptadil (vasoactive intestinal polypeptide)Phase 2/3Prevents NMDA-induced caspase-3 activation in the lung, inhibits IL-6 and TNFα production and restores barrier function at the endothelial/alveolar interfaceApproved in Europe for, erectile dysfunction, FDA orphan drug designation for treating ARDSTelmisartan, Losartan (angiotensin II receptor blocker)Phase 2/3/4 (one phase 1 study for losartan)Target angiotensin II type 1 (AT1) receptors, degrade angiotensin II to angiotensin 1--7, reduces inflammation and release of proinflammatory cytokines thereby reduces chances of ARDSHypertension; diabetic nephropathy in hypertensive patients with type 2 diabetes mellitus; congestive heart failureIsotretinoin (retinoid derivative of vitamin A)Phase 1/3Strongest down-regulation of ACE 2 receptors also inhibit potential papain-like protease (PLpro), which is a protein encoded by SARS-CoV-2 genesSevere recalcitrant nodular acneNaproxen (anti-inflammatory) (studied in combination with antiviral)Phase 3Inhibit cyclo-oxygenase 2 (COX-2) and Influenza A virus nucleoprotein (NP), reduces inflammationOsteoarthritis, rheumatoid arthritis, acute gouty arthritis, primary dysmenorrhea, for inflammation and pain in musculoskeletalAzithromycin (broad-spectrum macrolide antibiotic (studied alone or in combination with hydroxychloroquine or amoxicillin/clavulanic acid))Phase 2/3/4Target bacterial ribosomes, inhibits transpeptidation and stops protein synthesis, also have immunomodulatory effects, which might decrease respiratory inflammationRespiratory, enteric and genitourinary infections; some sexually transmitted and enteric infections, infections caused by susceptible strains of the microorganisms listed by FDA;Nitazoxanide (antiviral and antiprotozoal, studied in combination with hydroxychloroquine, or other drugs)Phase 2/3Targets viral hemagglutinin and the viral transcription factor, inhibits viral replication, possess anti-cytokine and autophagy propertiesdiarrhea in adults and childrenColchicine (alkaloids, anti-inflammatory drug)Phase 2/3Targets inflammasome complex, inhibits microtubules polymerization and production of IL-1β and IL-6, prevents cytokine stormGout and familial Mediterranean feverDeferoxamine (iron chelator)Phase 1/2/3Manages excess iron levels in the blood, prevents iron toxicity and hence prevents severe respiratory manifestations and inflammation in the alveoliAcute iron or aluminum toxicity; anemia in patients who must receive many blood transfusionsHeparin (enoxaparin), Tinzaparin or unfractionated heparin (anticoagulant)Phase 2/3/4Inhibit coagulation factor Xa and thrombin by binding to the plasma protease inhibitor, prevents venous thromboembolism in COVID-19 patientsPrevention of postoperative venous thromboembolism; deep vein thrombosis and/or pulmonary embolism; prevention of clot formation in indwelling intravenous lines for hemodialysisInhaled nitric oxide (INO) (pulmonary vasodilator)Phase 1/2Targets heme molecule of cytosolic guanylate cyclase and results in pulmonary vasodilation, early administration might prevent cases of respiratory failure in COVID-19, also act as anti-thrombotic in lungHypoxic respiratory failure in neonatesAscorbic acid (nutraceutical, antioxidant)Phase 1/2/3Targets the dysregulated immune response, increase the activity of lymphocytes, reduce the risk of development of inflammatory markers, ARDS and respiratory failureApproved for scurvy, delayed wound and bone healing, urine acidification.Investigational drug for sepsis, acute lung injury (ALI)\*All drugs mentioned here are investigational drugs for COVID-19; however, they might be approved for some other disease indicationsTable 2List of natural products under clinical trials for COVID-19Natural productsStage of developmentClassification/Possible mechanism of action for use in COVID-19Açaí Palm Berry extractPhase 2Potent inhibitor of Nod-like receptor family, pyrin-containing 3 (NLRP3)*Nigella sativa*Phase 2Immunomodulator and antiviralGum Arabic powderPhase 2Immunomodulator and anti-inflammatory agentNatural honeyPhase 3Antibacterial, antifungal, antiviral and antimycobacterialNigella Sativa and HoneyPhase 3Immunomodulator, antibacterial, and antiviralArtemisinin, Curcumin, Boswellia, and Vitamin C (ArtemiC)Phase 2Anti-oxidant, anti-inflammatory, and anti-aggregant and anti-microbialTraditional Chinese medicines (various herbal products are included in this category)Phase 3Immunomodulatory and anti-inflammatory mechanisms, decrease the level of cytokines such as TNF-α, IL-1β, IL-6, IL-8, and IL-10, inhibit lung inflammation or acute lung injury

Promising Drugs for COVID-19: Current Status and Future Directions {#Sec4}
==================================================================

Antiviral Drugs {#Sec5}
---------------

### Remdesivir (GS-5734) {#FPar1}

It is an investigational nucleotide adenosine analog developed by Gilead Sciences, USA, and is a monophosphoramidate prodrug of remdesivir-triphosphate. It has shown broad-spectrum antiviral activity against filoviruses, paramyxoviruses, pneumoviruses, and many animal and human coronaviruses including SARS and MERS \[[@CR14]--[@CR16]\]. Also, it was well tolerated in a phase 3 study for the treatment of EBOLA virus disease \[[@CR17]\]. Currently, remdesivir is one of the most promising drugs under trial and is the center of attention for the treatment of COVID-19. It acts as an RdRp inhibitor and blocks viral RNA replication \[[@CR18]\]. It has shown its therapeutic potential against SARS-CoV-2 in various in vitro and animal studies \[[@CR19], [@CR20]\]. The published report of treatment of first COVID-19 patients in the USA and remdesivir's use in a 53-patient case series have also documented the efficacy of remdesivir for COVID-19 patients \[[@CR21], [@CR22]\]. But, a recently published report of a randomized, double-blind, placebo-controlled, multicentre trial at ten hospitals in Hubei, China, has documented the statistically non-significant clinical benefits in the remdesivir group, although the numerical reduction in time to clinical improvement in those treated earlier was numerically shorter in the remdesivir group than the control group \[[@CR23]\]. The dose used in this study was a single 200-mg loading dose, followed by a 100-mg daily infusion, and the most common adverse events seen in the remdesivir group were constipation, hypoalbuminemia, hypokalemia, anemia, thrombocytopenia, and increased total bilirubin. Moreover, the preliminary report of a double-blind, randomized, placebo-controlled trial of remdesivir in 1059 hospitalized COVID-19 patients (538 in remdesivir and 521 in the placebo group) has reported that remdesivir was superior to placebo in shortening the time to recovery in COVID-19 patients. In this study, remdesivir was administered intravenously at 200 mg loading dose on day 1 and 100 mg daily from day 2 to day 10 \[[@CR24]\]. Another randomized, open-label, phase 3 trial in 397 (200 patients for 5 days and 197 for 10 days) COVID-19 patients not requiring mechanical ventilation has reported no significant difference between a 5-day course and a 10-day course of remdesivir. All the patients received 200 mg of intravenous remdesivir on day 1 and 100 mg once daily on subsequent days. The limitation of this study was the open-label design and the absence of a placebo control group \[[@CR25]\]. However, whether remdesivir is associated with more benefit or might cause harm needs to be confirmed in a randomized control trial (RCT) of a larger sample size. Fortunately, above 20 randomized trials involving remdesivir are registered on [ClinicalTrials.gov](http://clinicaltrials.gov) and are recruiting participants globally \[[@CR13]\]. Recently, remdesivir is certified for an emergency use authorization (EUA) for treating hospitalized COVID-19 patients by the US Food and Drug Administration (FDA). Promising signals from various studies are available yet more data are needed to conclude its efficacy for COVID-19. The risk--benefit ratio needs to be optimized in a larger population size with an early start of remdesivir treatment in COVID-19 patients. Moreover, the adequate dose should be selected, which produces clinically beneficial effects and causes less harm.

### Favipiravir (T-705 or Avigan) {#FPar2}

It is another most promising purine nucleoside analog being studied for COVID-19 and was developed by Fujifilm Toyama, Japan. It has shown anti-viral activity for various RNA viruses including the Ebola virus and oseltamivir-resistant influenza virus \[[@CR26]\]. It is a prodrug of favipiravir ribofuranosy l-5′-triphosphate (favipiravir-RTP) and acts by inhibiting RNA polymerase activity, thus ceasing viral replication \[[@CR27]\]. It has been approved in Japan and China for the treatment of novel influenza virus infections, and in March 2020, China has approved its use for COVID-19 patients. A study by Wang et al. has reported the EC50 of favipiravir was 61.88 μM/L against SARS-CoV-2 in Vero E6 cells \[[@CR19]\]. A study conducted on COVID-19 patients in China has stated the more potent antiviral action (shorter time for viral clearance) of favipiravir plus interferon-alpha than that of lopinavir/ritonavir plus interferon-alpha \[[@CR28]\]. Furthermore, a prospective, multicenter, open-label, randomized trial in China comparing favipiravir with arbidol has shown better recovery profile after 7-day treatment in those on favipiravir among moderately ill patients but not among mildly or severely ill patients \[[@CR29]\]. Favipiravir has mutagenic potential and cannot be used in pregnant women, but the main adverse effects reported in previous studies are mild to moderate diarrhea, an asymptomatic increase of blood uric acid and transaminases, and a decrease in the neutrophil counts \[[@CR30]\]. To date, more than 25 clinical trials are registered for favipiravir in [clinicaltrials.gov](http://clinicaltrials.gov). Recently, in India, Glenmark pharmaceuticals got regulatory approval for the manufacturing and marketing of favipiravir (FabiFlu) to treat mild-to-moderate COVID-19 patients. Together, all these data suggest the potential antiviral action of favipiravir on SARS-CoV-2. However, favipiravir has shown a variable range of IC50 in various viral studies, \[[@CR27]\] and some studies have documented a possible ethnic or regional difference in its pharmacokinetic \[[@CR31]\]. So, before concluding its antiviral effects in COVID-19 patients, it is very important to standardize its dosing regimen in the clinical trial and should consider the pharmacokinetic variations and drug--drug interactions among individuals of a different region.

### Lopinavir and Ritonavir {#FPar3}

These protease inhibitors are widely used for human immunodeficiency virus (HIV) and have also shown potential antiviral activity against SARS-CoV and MERS-CoV in various studies conducted in vitro and in animal \[[@CR32], [@CR33]\]. They are also being studied in clinical trials for COVID-19 and act by inhibiting the 3CLPro enzyme and thereby stop viral protein synthesis \[[@CR33]\]. Lopinavir has shown efficacy against the SARS-CoV-2 virus in vitro, but treatment with LPV/RTV alone for 14 days in an open-label RCT of COVID-19 patients (*n* = 199) does not show any difference in clinical improvement as compared with standard of care \[[@CR34]\]. But, the adverse effects reported were less including diarrhea, nausea, and asthenia, and the number of death was also less in the LPV/RTV group in comparison to the control group. Recently, a study by Hung et al. has reported better antiviral and safety profiles, and faster recovery rates with early triple antiviral therapy (LPV/RTV, interferon beta-1b, and ribavirin) in comparison with LPV/RTV alone in a phase 2 RCT of COVID-19 patients**.** \[[@CR35]\]. Although, initial results of LPV/RTV RCT have not shown the remarkable clinical improvement, yet WHO and other organizations are testing the efficacy of LPV/RTV in the clinical trial of COVID-19. The role of LPV/RTV for post-exposure prophylaxis (PEP) to COVID-19 is also being evaluated in one of the registered phase 3 clinical trials. More RCTs with adequate power are required to conclude the efficacy of LPV/RTV in COVID-19 patients.

### Chloroquine and Hydroxychloroquine {#FPar4}

They are amino-quinolines known for their anti-malarial and immunomodulatory effect, and from 2006 they have been established as a wide spectrum antiviral drug \[[@CR36], [@CR37]\]. Recently, chloroquine has demonstrated the efficacy against SARS-CoV-2 in Vero E6 cells 19. Being a weak diprotic base both CQ and HCQ act by increasing the pH of endosomes and prevent the fusion of viral and host cell membrane \[[@CR38]\]. They also interfere with the glycosylation of SARS-CoV-2 receptors and also act at the post-entry stage of the virus. A study by Gao and colleagues have indicated the beneficial role of CQ phosphate in reducing the severity of pneumonia and lung injury, thereby decreasing the course of the disease in almost 100 patients of COVID-19 in comparison to the control group \[[@CR39]\]. HCQ (EC50 = 6.14 μM) is more potent and safer than CQ (EC50 = 23.90 μM) and found to have a role in preventing cytokine storm that occurs in serious cases of COVID-19. An open-label nonrandomized French study of 36 patients (20 in the HCQ group and 16 in the control group) reported improved viral clearance with HCQ compared with control group patients receiving standard supportive care. The authors also reported that including azithromycin with HCQ for the treatment of 6 patients has shown more improvements in viral clearance in comparison to the HCQ alone group \[[@CR40]\]. But, a prospective study of 30 patients in China stated that there was no difference in clinical outcomes between HCQ (400 mg, daily for 5 days) plus standard treatment group (supportive care, interferon, and other antivirals) and standard treatment alone group \[[@CR41]\]. At the time, HCQ was the most promising and wonder drug for COVID-19, and now, despite initially promising results, recent studies on HCQ have reported disappointing findings so far in the randomized trials \[[@CR42], [@CR43]\]. However, WHO and ICMR (Indian council of medical research) still find some hope with HCQ, and trials are being conducted to ascertain its efficacy and safety for COVID-19. In India, HCQ is used as a prophylactic drug for SARS-CoV-2 infection in healthcare professionals. Recently, the results of a most awaited trial conducted in the USA on 96,032 COVID-19 patients using HCQ and CQ with or without macrolides have demonstrated no significant differences in the clinical outcome of these agents in comparison to control group \[[@CR44]\]. Also, some adverse events were reported with the CQ and HCQ group including arrhythmia and the survival rates were also less in these groups in comparison to the control group. Many RCTs on both CQ and HCQ are still in the clinical trial, evaluating their role against COVID-19 treatment, but whether it is efficacious or not, it would be ascertained only after completion of these trials. Also, it is important to optimize the dose, therapeutic time window, and the risk--benefit ratio associated with the use of HCQ.

Immunomodulators and Biologics {#Sec6}
------------------------------

### Convalescent Plasma {#FPar5}

This passive immunoglobulin therapy is one of the potential adjunctive therapies now being used for COVID-19 patients. The rationale for such passive immunization is that plasma collected from patients after they recovered from COVID-19 might contain antibodies (IgG, IgA, IgM, IgE, and IgD) to SARS-CoV-2 and can be used to reduce the viremia and disease mortality in patients with life-threatening SARS-CoV-2 infections. Convalescent plasma therapy has been used in the past for many viral infections such as Ebola, influenza, poliomyelitis, SARS, and MERS and has shown improvement in clinical outcome \[[@CR45]--[@CR49]\]. Recently, a case series of 5 critically ill patients with COVID-19 treated with convalescent plasma was published, in which they have demonstrated the improvement in clinical symptoms including a reduction in viral load \[[@CR50]\]. Also, improvement in clinical outcomes was seen in 300 COVID-19 patients treated with convalescent plasma along with standard treatment in a clinical trial conducted in China (ChiCTR2000029757) \[[@CR51]\]. These data support the utility of convalescent plasma therapy for COVID-19 patients, yet its use, until now, is recommended only to severe patients with life-threatening COVID-19 infections. More RCTs are required to optimize the amount, timing, and duration for which it is to be administered to COVID-19 patients. Moreover, being a polyclonal antibody therapy, its efficacy on the long run should be investigated more.

### Antibody-Based Therapies {#FPar6}

Biologics such as monoclonal antibodies are being developed as targeted specific therapeutic agents for SARS-CoV-2 infections. The receptor-binding domain (RBD) in spike protein is the key target of neutralizing monoclonal antibodies \[[@CR52]\]. Moreover, cytokine storm (CS), i.e., uncontrolled release of pro-inflammatory cytokines has been reported to correlate with disease severity in SARS-CoV-2 infection, and it might lead to acute lung injury, acute respiratory distress syndrome (ARDS), and death \[[@CR53], [@CR54]\]. Several reports have confirmed that patients admitted to an ICU had higher concentrations of proinflammatory cytokines, particularly IL-6 \[[@CR55]--[@CR57]\]. Therefore, targeting IL-6 and its receptor (IL6R) by tocilizumab and siltuximab monoclonal antibodies could mitigate cytokine storm-related symptoms in severe COVID-19 patients \[[@CR58]\]. Tocilizumab and Sarilumab are IL-6 receptor antagonists and proposed to be beneficial in preventing cytokine storms involved in COVID-19 pathogenesis. These recombinant human monoclonal antibodies are indicated for rheumatoid arthritis (RA). Till now, several clinical trials of tocilizumab and sarilumab, alone or in combination with other drugs, have been registered in patients with COVID-19 with severe pneumonia \[[@CR13]\]. In a retrospective study in China, the administration of 400 mg of tocilizumab to 21 patients with COVID-19 has shown improvement in clinical outcomes such as improved respiratory function in 91% of patients \[[@CR59]\]. Also, sarilumab is studied in a multicenter, double-blind, phase 2/3 trial for hospitalized patients with severe COVID-19. Their safety and efficacy in COVID-19 patients will only be established after the completion of the ongoing clinical trials. However, a recent open-label phase 2 trial (NCT04346355) conducted in the Italy was stopped early because of lack of benefit of tocilizumab in COVID-19 patients. So, more trials with adequate sample size and design are needed to confirm or deny the efficacy of tocilizumab in COVID-19 patients.

### Cell-Based Therapies (NK Cells and Mesenchymal Stem Cells) {#FPar7}

Cell-based therapies have now been proposed as a prudent therapy against COVID-19. It works by boosting the immunity of SARS-CoV-2 patients. Recently, the FDA has approved Celularity to start a clinical trial for COVID-19 using natural killer (NK) cells (CYNK-001), which is used earlier in small numbers of cancer patients and found safe. CYNK-001 is a cryopreserved allogeneic natural killer cell therapy derived from placental hematopoietic stem cells. NK cells are important immune cells necessary for defense against virus-infected cells and neoplastic cells and show their activity via the process of antibody-dependent cellular cytotoxicity (ADCC) \[[@CR60]\]. Moreover, studies have reported that NK cells can exert antiviral activity against SARS, herpes simplex virus type 1 (HSV-1), cytomegalovirus (CMV), and HIV \[[@CR61]--[@CR63]\]. As the number of NK cells is reduced in severe COVID-19 patients, so it will be prudent to give NK cell therapy to COVID-19 patients to increase the ability to fight to SARS-CoV-2 infection.

Another cell-based therapy that has shown promising results in COVID-19 is mesenchymal stem cell (MSC) transfusion. Various studies have shown the anti-inflammatory and immunomodulatory role of MSCs and their ability to alleviate lung injury and ARDS \[[@CR64]--[@CR66]\]. Recently, a pilot study conducted in China on seven COVID-19 patients, who had received intravenous infusions of donor mesenchymal stem cells (multipotent cells thought to have immunomodulatory capacities), has reported the recovery of all seven patients and has shown improvement in the clinical outcome \[[@CR67]\]. They said that the intervention was safe and might help improve patient outcomes on further use. Also, on April 5, 2020, the US FDA has approved mesenchymal stem cell (MSC) treatments for use in the serious COVID-19 patients. Although, the rationale of using MSC is not very clear and it is said that this therapy might help combat the cytokine storm reported in COVID-19 patients and hence prevents the progression of the disease and reduces mortality. However, more clinical trials with a larger number of patients are required to establish its role in COVID-19.

Traditional Chinese Medicines {#Sec7}
-----------------------------

Based on the pivotal role of traditional Chinese medicines (TCM) in the treatment or prevention of many viral infections including influenza, SARS, and MERS, the application of TCM as adjuvant therapy in COVID-19 patients is highly encouraged \[[@CR68]\]. TCM has demonstrated a wide range of mechanisms that includes inhibition of 3CLpro protein (Chinese Rhubarb extracts, *Houttuynia cordata* extract, hesperetin, etc.), inhibition of RdRp, and inhibition of inflammatory cytokines like TNF-α, IL-1β, and IL-6 (Fructus Forsythiae), thereby decreasing the severity and mortality rate of the disease \[[@CR69]\]. In a molecular docking study by Chen and Du, five herbal compounds including scutellarin, baicalin, hesperetin, nicotianamine, and glycyrrhizin have shown potential in targeting the ACE2 receptor and exerting an antiviral effect to prevent SARS-CoV-2 infection \[[@CR70]\]. Medical institutions in China have published many TCM prescriptions, and guideline in China (The Novel Coronavirus Pneumonia Diagnosis and Treatment Plan, 6th trial version) has also suggested the use of a decoction of herbal medicines for lung clearing and detoxification in the clinical treatment \[[@CR69]\]. On February 17, The National Health Commission (NHC) of China has reported the beneficial effect of TCM in around more than 60,000 COVID-19 patients. To date, more than 50 clinical trials have registered in China for the evaluation of TCM in COVID-19. Luo, et al. has shortlisted ten most commonly used TCM in China, and they are Astragalus membranaceus, Glycyrrhizae uralensis, Saposhnikoviae divaricata, Rhizoma Atractylodis, Macrocephalae, Lonicerae Japonicae Flos, Fructus forsythia, Atractylodis Rhizoma, Radix platycodonis, Agastache rugosa, and Cyrtomium fortune J. Sm \[[@CR71]\]. Although shreds of evidence are available for the efficacy of TCM in COVID-19 patients, yet randomized clinical trials in larger populations are required to evaluate the efficacy and safety of TCM in COVID-19 patients.

Natural Products and Herbal Medicines {#Sec8}
-------------------------------------

Natural products, purified herbal medicines, and Ayurvedic medicines are known to boost the immunity and have shown the efficacy against many viral infections, including influenza virus, HIV, and SARS-CoV \[[@CR72], [@CR73]\]. These herbs either alone or in combination are used for centuries in both Ayurveda and alternative medicine and have proven their efficacy when subjected to rigorous scientific investigation. Also, they play a major role in the discovery and development of many anti-viral drugs based on their structural moiety, classical example being emetine, and quinine \[[@CR74]\]. WHO also supports and welcomes innovations around the world regarding scientifically proven traditional medicine. Recently, a study by Rajkumar et.al has highlighted the possible role of Ayurveda in the treatment of COVID-19 through psychoneuroimmune pathways \[[@CR75]\]. Several compounds known for their potential immunomodulatory activity such as *Withania somnifera* (Ashwagandha), Tinospora cordifolia (Guduchi), Asparagus racemosus (Shatavari), Phylanthus embelica (Amalaki), and Glyceriza glabra (Yashtimadhu) might be considered for prophylaxis and as an add-on treatment for COVID-19 \[[@CR76], [@CR77]\]. Many medicinal compounds and natural products have exhibited several antiviral mechanisms against SARS-CoV, such as inhibiting the viral 3CL protease and blocking the viral RNA-dependent RNA polymerase activity thereby preventing the early stage of infection, including viral attachment and penetration \[[@CR72], [@CR74]\]. Several drugs such as *Nigella sativa*, natural honey, artemisinin, curcumin, Boswellia, and vitamin C are in a clinical trial for COVID-19 \[[@CR13]\]. Although these natural products and Ayurvedic medicines are studied against coronaviruses including SARS-CoV-2, further studies and clinical trials are needed to establish their role in COVID-19. However, certain challenges like shortage of fundings, lack of patentability, manufacturing difficulties, contamination, lack of product consistency and regulatory measures need to be addressed to market natural products and herbal medicines.

Concluding Remarks {#Sec9}
==================

COVID-19 is continued to be a threat to public health and presents a global challenge to all the research communities around the world to get over from this crisis. Although many compounds have been tested in both non-clinical (simulations, in vitro, and studies in animals) and clinical settings, but unfortunately, there are no FDA-approved vaccines and specific therapeutic interventions for COVID-19 to date. Several strategies have been employed to target the COVID-19 treatment regimen, and three major strategies that are targeted nowadays are repurposing drugs, investigating the efficacy of antibodies, and developing vaccines. Clinical trials are underway in search of a targeted and efficacious treatment for COVID-19; however, certain barriers have limited the results of previous trials, and these need to be addressed for getting a more reliable and conclusive outcome. The four major issues that need to be pondered upon to avoid the inconclusive results from previous trials are dose optimization, well-defined therapeutic timing window, trial designs (randomized and adequate powered), and selection of specific outcome measures. Further, there is a need for international collaborative work to fight this pandemic and develop a more robust infrastructure to mitigate the COVID-19 pandemic. Also, innovative computational--based methods like artificial intelligence should be applied to accelerate the traditional drug discovery process, so that this can reduce the total time taken and could be helpful in faster development of drugs during any emergency conditions or pandemic. Keeping in view the emergence of novel life-threatening diseases from mutating RNA viruses with a potential of cross-species transmission, there is a need for a broad-spectrum antiviral agent that could effectively reduce the viral load targeting a wide group of viruses and helps in reducing the massive consequences on human health. Further, we recommend the use of combination therapy that includes both antivirals and non-antiviral regimens to combat both viremia and associated immunopathological symptoms like lymphocytopenia and cytokine storm that might lead to acute lung injury and respiratory failure. Also, emphasis should be given to the rational and adequate use of drugs to prevent the resistance, which is quite common with these mutating RNA viruses. Moreover, the heritage of traditionally used medicinal and herbal compounds should be explored more and needs to be validated via clinical trials, so that their clinical efficacy could be established and would help provide protection for any epidemics like COVID-19. Finally, we hope that the current ongoing efforts will be successful and sooner the drugs and vaccines for COVID-19 will be available, and the world will emerge with better and robust infrastructure, funding, and regulatory measures to combat such future pandemics.
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